Abstract-Coded excitation and pulse compression techniques have been used to improve the echo signal-to-noise ratio (eSNR) in ultrasonic imaging. Pulse compression can be performed using a Wiener filter. In this work, the effects of applying a spatially varying Wiener filter were evaluated. Specifically, a technique to adaptively compensate for the spatial changes in eSNR in the compression scheme was examined. Simulations and experiments were conducted with a single-element transducer (f/2.66) having a center frequency of 2.25 MHz and a -3-dB bandwidth of 50%. In simulations, tissue-mimicking phantoms with 12 point targets were imaged. In experiments, anechoic targets from the ATS 539 tissue-mimicking phantom were imaged. For simulated echoes compressed with a spatially varying Wiener filter (SVWF), an increase in eSNR of 235% was obtained over the non-SVWF at depths that typically could not be imaged using a conventional pulsed (CP) excitation. For the experiments with the anechoic targets, it was observed that the contrast-to-noise ratio was improved by 245% over CP when compressing with a SVWF. Simulation and experimental results suggest that accounting for local variations in the eSNR can lead to significant improvements in the compression performance. Specifically, the eSNR was increased in deeper areas imaged at the expense of a small degradation in spatial resolution.
I. INTRODUCTION
In coded excitation, the objective is to obtain a time bandwidth product (TBP) greater than unity [1] . For ultrasound transducers, the bandwidth is fixed. Consequently, the TBP can only be increased by elongating the pulse duration. An excitation signal with a longer duration than a conventional excitation signal has more energy, which results in increases of echo signal-to-noise ratio (eSNR) [2] . However, because the pulse duration is increased the axial resolution degrades. To restore the axial resolution, pulse compression techniques are used.
Pulse compression could be performed using various filtering techniques: matched filtering, inverse filtering, and Wiener filtering. A matched filter uses correlation techniques, which has excellent noise suppression capabilities. However, a matched filter will introduce axial sidelobes and decreases the axial resolution by a factor of two. An inverse filter provides the opposite scenario; it contains no sidelobes and does not deteriorate the axial resolution but at the expense of amplifying the noise in the system. A Wiener filter is described by the following expression:
eSN R is the echo signal-to-noise ratio per frequency channel and Ψ(f ) corresponds to the Fourier transform of the excitation signal. If eSN R is large then the Wiener filter equation approaches an inverse squared filter. Conversely, if the eSN R is small then the Wiener filter equation approaches a matched filter. Therefore, the Wiener filter equation can be modified as follows
where γ is a smoothing parameter that controls the tradeoff between sidelobe levels, axial resolution, and echo signal-tonoise ratio. The compression of a scan line using the Wiener filter described in (2) contain a constant eSN R(f ). Compression on a per scan line basis can be performed but the compression performance depends on the objects being imaged. In this study, the effects of the spatially varying nature of the eSN R were evaluated. In addition, a technique to compensate for the changes in eSN R spatially in the pulse compression scheme was examined. The overall objective is to improve the compression performance (sidelobes, spatial resolution, and eSNR) throughout the image.
II. PROBLEM FORMULATION
In an ultrasonic B-mode image, the image is constructed by collecting data from many adjacent scan lines. Estimating a single eSN R(f ) for all scan lines could be problematic in various scenarios. For example, in one scenario, one scan line could have a large amount of electronic noise compared to other scan lines making up an image. In another example, a portion of a scan line could have a very strong specular reflection from a point target and the remaining portion of the scan line contain speckle from weak scatterers. Consequently, the specular reflector would increase the eSNR estimated for the scan line, which would in turn adjust the operating point of the Weiner filter. An increase in the eSNR would move the Weiner filter closer to an inverse filter. As a Wiener filter approaches an inverse filter the sidelobes are reduced, the axial resolution is improved and the noise is amplified. As a result, depending on the exact location of the operating point, the filter could be more efficient in compressing the strong specular reflector but could increase the noise in the portion of the signal with speckle only. The end result would be an image with poor quality. The image could partially be improved by adjusting the gamma parameter to shift the operating point towards a matched filter. In this scenario, the speckle portion of the signal could be moved above the noise floor, but the specular reflection would be characterized by larger sidelobes and a decrease in axial resolution. Therefore, to ameliorate these effects a Wiener filter that takes into account the spatially varying nature of the eSNR was studied.
The spatially varying Wiener filter (SVWF) based on a spatially varying eSNR is described by the following equation:
where eSN R 0 is the echo-signal-to-noise ratio per frequency channel for the spatial region of interest defined by the axial location, x 0 . eSN R 0 can be described by the following expression:
where the variance of the echo signal g(x 0 ) is taken over a windowed segment using a rectangular window centered at x 0 . To obtain the variance of the echo signal at location x 0 , the backscattered data are compressed twice. The first compression creates a spatial map of signal strength throughout the whole image region by assuming a uniform eSNR for the scan line. From there, a map of the variance of the compressed echoes for smaller sub-regions of the image is determined. This map is used in the SVWF to adaptively select the operating point of the Wiener filter for each particular region. Consequently, regions containing stronger signals will be filtered closer to an inverse filter to improve spatial resolution and sidelobe levels. Regions containing weaker echoes will be filtered closer to a matched filter to make targets visible by removing the noise at the expense of increasing the sidelobe levels and deteriorating the axial resolution. Compressing with the spatial map of eSNR can become significant when frequency-dependent attenuation is present because the image quality can be improved at all depths. The final image is constructed by stitching together each of the the compressed regions of interest.
III. METHODS AND PROCEDURE

A. Coded Excitation
The coded excitation scheme used to evaluate the filter in this study was the REC technique [3] . The REC technique was chosen because of its capabilities to improve the axial resolution of ultrasonic imaging system by a factor of two over conventional coded excitation schemes. Nonetheless, the filtering techniques studied herein can be applied to general techniques involving coded excitation and pulse compression.
B. Sources and Phantoms
Computer simulations were carried out in MATLAB (Mathworks, Natick, MA) to characterize the performance of the Wiener filter based on spatially varying maps of eSN R. The simulations used the received pulse-echo pressure field model observed in [4] . The simulation parameters were made to match experimental measurements. A 2.25 MHz singleelement transducer (f/2.66) with a fractional bandwidth of 70% at -6 dB was the model for CP. For REC, the impulse response of the transducer was constructed to have double the fractional bandwidth (150%) at -6 dB.
In simulations, to assess the performance of the Wiener filter a phantom containing 12 point targets spaced 5 mm apart in water was evaluated. Attenuation of 2 dB MHz −1 cm −1 was added to the simulation so that a decrease in backscattered energy from the point targets away from the source was achieved. This phantom was evaluated for two different cases of noise floors: low noise and high noise. For the low noise case, the eSN R for the region including the first point target was 62 dB. For the high noise case, the eSN R in the region including the first point target was 22 dB. In experimental measurements, anechoic targets from an ATS 539 tissuemimicking phantom were imaged.
C. Image quality metrics
To quantify the effects of the SVWF the following image quality metrics were used: 1) Modulation transfer function (MTF): MTF [5] is an important metric for determining axial resolution of an imaging system. MTF is the magnitude of the optical transfer function and is defined by
where H(k) is the spatial Fourier transform of the envelope of the compressed waveform. The wave number value, k 0 , where the value of the MTF curve is 0.1, is used to determine the axial resolution of the imaging system. The axial resolution is defined as
2) Contrast-to-noise ratio (CNR): CNR [6] , also known as contrast-to-speckle ratio, is a common quantitative measure that can assess image quality and describe the ability to perceive a target from the background region. CNR is defined as
where µ B and µ T are the mean intensity of the background and the target lesion, and σ 2 B and σ
2
T are the variance of the background and target, respectively. To avoid possible errors in the calculations due to attenuation, the evaluated regions of interest in the background and the target lesion were the same size and were located at the same depth.
IV. RESULTS AND DISCUSSION
The B-mode images for the simulated phantom under the low noise scenario are shown in Fig. 1 along with an axial profile through the center of the B-mode images. Compared to CP, the B-mode images for REC constructed using a non-SVWF resulted in improved axial resolution but increases in sidelobe levels and deterioration in lateral resolution as depth increases. For REC-SVWF, the sidelobe levels decreased when compared to REC echoes compressed with a conventional Wiener filter. In the low noise scenario, the γ parameter for the non-SVWF and SVWF was set to the same value.
The spatial resolutions as determined by MTF for CP and for REC echoes compressed with a conventional Wiener filter and a spatially varying Wiener filter are listed in Table I . Overall, the SVWF had a slight degradation in axial resolution in order to improve the sidelobe levels and the eSNR. Furthermore, the predicted amplitudes of the echoes due to depth dependent attenuation from each target were more correct with the SVWF than with a non-SVWF. For the non-SVWF both the signal and the noise floor were boosted. The purpose of evaluating this phantom in a low noise environment was to show that no artifacts or significant degradation in image quality occurred. The B-mode images for the simulated phantom under the high noise scenario are shown in Fig. 2 along with an axial profile through the center of the B-mode images. In the high noise scenario, the SVWF allowed the operating point of the Wiener filter to remain at the same operating point as in the low-noise scenario. Consequently, when using the SVWF the axial resolution was nearly the same as in the low noise scenario with the added benefit that the noise floor was pushed below the dynamic range of the image. In the scenario where a non-SVWF was used for compression in the high noise case, the γ parameter was adjusted until the noise was removed. This had the effect of pushing the operating point of the Weiner filter towards a matched filter. This adjustment increased sidelobe levels and degraded the axial resolution in order to improve the eSNR. Therefore, the benefits of the SVWF were clearly observed in this case.
The spatial resolutions as determined by MTF for CP and for REC echoes compressed with a non-SVWF and a SVWF are listed in Table II . Similar to the low noise case, the SVWF had a slight degradation in axial resolution in order to improve the sidelobe levels and the eSNR. In fact, an increase in eSNR of 235% was obtained over the non-SVWF at depths that typically could not be imaged using CP excitation. Overall, the results for simulated phantom suggested that the SVWF improved the image quality over CP and REC echoes compressed using with a non-SVWF.
Finally, the ATS 539 tissue mimicking-phantom anechoic targets were evaluated experimentally under the high noise scenario as shown in Fig. 3 . An anechoic target is equivalent to a fluid-filled target with no internal scattering objects. Therefore, the only backscattered signal present in that region would be additive noise. By applying a SVWF, the noise in the anechoic target could be removed by shifting the operating point of the Wiener filter towards a matched filter. With a non-SVWF the anechoic target is smeared by either sidelobes or noise. Consequently, the actual boundaries of the anechoic target become harder to identify. This could potentially be a problem if the anechoic region was small because the sidelobes and noise could mask the anechoic target making it imperceptible. Therefore, the results of the SVWF for this target clearly displayed the benefit of using a spatially varying Wiener filter. To quantify the improvement obtained by using the SVWF, the CNR metric was applied to the two 8-mm targets located on the left of with a SVWF, respectively. The CNR for 8-mm target located at a depth of approximately 77-mm was estimated at 0.38, 0.80, 1.36 for CP, REC compressed with a non-SVWF, and REC compressed with a SVWF, respectively. These results suggest that the SVWF based on spatially varying maps of the signal-to-noise ratio significantly improved image quality by increasing the contrast when compared to CP and REC echoes compressed with a conventional Wiener filter. Also, it is important to note that the SVWF removed the noise in the deeper regions of the image that appeared as speckle in the CP and REC non-SVWF cases.
V. CONCLUSION
A spatially varying Wiener filter that corrected for eSN R locally to improve compression performance was evaluated. Simulation results of point targets indicated that the eSNR was increased in deeper areas imaged at the expense of a small degradation in spatial resolution and slight increase in sidelobe levels. Furthermore, experimental measurements of anechoic targets resulted in improved image quality compared to conventional methods. Future work will evaluate techniques to optimize the SVWF.
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